A planar beam-forming antenna array is proposed that operates in the 60 GHz frequency band. The array consists of 6 balanced-fed aperture-coupled patch antenna elements [2] that are placed in a circular configuration. The resulting array has a maximum gain of 14 dBi and a 3 dB scan range of ±50 degrees. To demonstrate the performance, test arrays have been implemented with accompanying feed networks that apply the appropriate phase distribution over the array for beam-forming at several specific scan angles. Measurements validate the proposed array configuration.
planar antenna array is presented that is suited for broadband wireless communication in the 60 GHz band. The antenna array is build-up out of balancedfed aperture-coupled patch antennas, the design is presented in [2] and described shortly in Section 2.
The antenna can be realised in printed circuit-board (PCB) technology, which results in a low-cost antenna solution. A circular array configuration with 6 antenna elements is proposed in Section 3. It is shown that this configuration minimises the mutual coupling between the elements and that it has a good performance in terms of antenna gain and antenna scan range. The antenna array supports beamforming, has a maximum directivity of 14 dBi and a 3 dB scan range of ±50 degrees. To demonstrate the performance of the beamforming, the array is implemented with different feed networks to obtain the required phase setting for beam-forming at different scan angles (Section 4). 1 . INTRODUCTION 2. ANTENNA ELEMENT Worldwide, there is an available bandwidth of 5 GHz in the frequency range from 59 to 64 GHz. Communication systems that operate in this license-free band have the potential to achieve data rates of multiple gigabits per second. Advances in semiconductor technology enable the use of low-cost Silicon-based electronics for these high frequencies. Therefore lowcost communications systems in the 60 GHz band can provide the next step in high data-rate wireless communication.
In order to achieve data rates of multiple gigabits per second, sufficient link budget is needed. Transceiver systems with directive antennas show a better performance in both line of sight and non line of sight conditions, since these configurations have better link margins and effectively suppress the multipath effect [5] . Still, the antenna beams of both the transmitter and the receiver should be aligned properly in order to utilise the advantages of directive antennas.
In this work, the design and realisation of a novel The geometry of the balanced-fed aperture-coupled antenna element is shown in Fig. 1 . The antenna has a balanced coplanar microstrip feed to connect directly to a balanced power amplifier or balanced low-noise amplifier without the use of a balun. Two coupling apertures (slots) have been used to couple from the feed lines to the patch element. A reflector element is positioned at the back of the antenna to ensure a good front-to-back ratio. The resulting antenna design has dimensions which are less than Ao/2, with Ao the free-space wavelength. Therefore the antenna can be used directly in array configurations. The antenna can be realised from two PCB boards with metallisation on both sides that are stacked with a prepreg layer in between.
The two slots have an important role in the antenna design. They are used to reduce the surface-wave excitation in the dielectric, and also to improve the antenna bandwidth. The that the surface-waves that are generated by the slots and the patch interfere destructively. In conventional aperture-coupled patch designs, the slot is made small in terms of wavelengths such that the slot is non-resonant and the back radiation caused by it is reduced. In this design, the slots can be resonant in the operation band of the antenna because the reflector element compensates for the back radiation. As a result, the bandwidth is increased significantly since the antenna now has two resonant elements with slightly different resonance frequencies, i.e., the patch and both slots. An increase in bandwidth is observed from about 3% for the conventional single-element patch to more than 10% for the novel design.
The obvious thing to do would be to place the reflector element at a distance of Ad/4, with Ad the wavelength in the lower dielectric. However, this would significantly deteriorate the radiation efficiency because of the surface-wave excitation in the lower dielectric. Therefore, the thickness that has been chosen for the lower dielectric is equal to approximately Ad/20. To reduce the back radiation, the size of the reflector element is adjusted accordingly [4] .
The antenna element is optimised such that it has sufficient bandwidth to cover the frequency band from 57 to 64 GHz with a high radiation efficiency throughout this band [1] . The bandwidth of the antenna is more than 10% and the radiation efficiency is larger than 80% within the band of operation. The gain of the antenna is approximately 6 dBi. tenna elements. The antenna elements can be positioned in a square grid or in a hexagonal grid. For the square grid, the distance between the antenna elements should be less than half a free-space wavelength (Ao) to avoid grating lobes. For the hexagonal grid, this is slightly different, since the distance between the phase centers of the elements should be less than Ao/2. As a result the elements in the hexagonal grid can be placed at a distance which is less than Ao/V3 (Fig. 2 ).
The effect of mutual coupling on the performance of the antenna array can be quite significant. In general, the mutual coupling between elements decreases when the distance between the elements is increased. From this point of view, the hexagonal grid is a better choice. Another advantage of the hexagonal grid is that, compared to the square grid, the directivity of the array is larger for the same number of elements. This is because the effective aperture of the hexagonal array is larger than the effective aperture of the square array since the distance between the elements is larger for the hexagonal grid. The performance of the 7-element hexagonal array is investigated. Seven elements should be sufficient to acquire the desired antenna gain. Two possible layouts are shown in Fig. 3 , where a rectangle is used to depict the approximate size of the antenna element. The radiation pattern of the antenna element is almost independent of azimuth angle~o. If mutual coupling between the elements is neglected, the performance of both layouts is equal. Still, both layouts show quite a different performance when the effect of mutual coupling is taken into account in a full-wave simulation.
The performance of the antenna array is modelled with a method-of-moments implementation which is based on the antenna model that is presented in [2] . An extension of this model is implemented such that finite antenna arrays consisting of balancedfed aperture-coupled patch antenna elements can be analysed. Figure 4 shows the directivity, radiation efficiency and active reflection coefficients as a function of elevation scan angle 0 of array I in Fig. 3 for f 00 (E-plane) and o = 900 (H-plane), respectively. The radiation efficiency r1 is defined as the ratio between radiated power in the whole upper hemisphere and accepted power at the antenna feed. The radiation efficiency of the single-element antenna is equal to about 80%. Most of the remaining 20% of power is excited into surface waves. In an array configuration, neighbouring elements excite surface waves that interfere and reduce or increase the total amount of surface-wave power depending on the phase distribution of the antenna elements. Therefore the radiation efficiency is a function of scan angle. The active reflection coefficient is an important parameter to analyse the behaviour of each antenna element unhere Zian, is the active input impedance and the characteristic impedance of the feed Zo = lOOQ.
It is shown that the directivity as a function of scan angle are comparable in both planes. However, the difference in radiation efficiency is remarkable. This can be explained by examining the effect of the surface waves in the array configuration. The surface waves are excited mostly in the po 00 direction. Therefore elements in this direction couple stronger than elements in the o = 900 direction. At broadside radiation, the elements are excited in phase and the inter-element distance is such that the surface waves are suppressed significantly. This results in a high radiation efficiency. When the beam is scanned in the f 00 plane, the phases of the elements in this direction are adjusted accordingly. Since this affects the suppression of the surface waves, this introduces a significant impact on the radiation efficiency as well as on the active input impedance. A scan in the o = 90°plane will not affect the surface-wave suppression much, and therefore the radiation efficiency remains high for the entire scan range.
The active reflection coefficient should remain low for the whole scan range. In Fig. 4 it is observed that especially the centre element can have a high active reflection coefficient for some scan angles. This is undesired, since it introduces additional reflection losses in the transceiver system.
The performance of layout I can be improved by changing to layout II. In this layout the inter-element distance is as large as possible in the f 00 plane.
Therefore the elements couple less and the performance of the array is more symmetric in both planes (Fig. 5) . Also the active reflection coefficient shows some better performance because of the reduced coupling between the elements.
Circular 6-element array
To reduce the mutual coupling within the array, the middle element in layout II of the hexagonal 7-element array is removed. This results in a circular 6-element array. The performance of the circular array is shown in Fig. 6 and it is observed that this performance is superior to the performance of the hexagonal array although only 6 elements are used. The reason for this is that the aperture area of the antenna array remains the same while the mutual coupling within the array is reduced. Because the array has no center element, the aperture area is not illuminated homogenously. Therefore a slight decrease in directivity is observed for larger scan angles compared to the 7-element array. However, the advantage is that the active reflection coefficient remains below -10 dB throughout the whole scan range for each antenna element.
BEAM-FORMING
The antenna array will be used in a transceiver system in which each antenna element will have its own balanced phase shifter, power amplifier and low-noise amplifier implemented on a separate integrated circuit close to the antenna element. At this moment, this circuitry is not available yet. Therefore, the capabilities of beam-forming with the circular array is demonstrated by using separate feed networks that provide each antenna element with the correct phase for a specific fixed scan angle. The circular antenna array and accompanying feed network for beam-forming is shown in Fig. 7 . Here, the feed network is designed such that the main lobe points to 0 = 300 and 0 = 00. Each antenna element is connected to a balun and the antenna elements are combined using a Bagley power divider in combination with a Wilkinson power divider. The antenna is connected with an RF probe which is landed on a coplanar waveguide transmission line. A transition from coplanar waveguide to microstrip is designed to facilitate the interconnection with the feed network [3] . of the board is not accounted for in our MoM model, whereas CST Microwave Studio can incorporate all these effects. In Fig. 8 , the difference in radiation pattern between the two models is observed. Both models predict a similar main lobe, but CST predicts a higher side lobe level due to the diffraction at the edges of the board and more back radiation due to the radiation of the feed network.
MEASUREMENTS
To validate the antenna designs, the antenna has been manufactured in PCB technology. The dielectric for the antenna is Neltec NY9217, which has a dielectric constant of 2.17, specified at 10 GHz. SpeedBoard C has been used as prepreg. It has a dielectric constant of 2.6, specified up to 40 GHz. These materials are the same materials that have been used for the single-element antenna design [2] . The thickness of the upper and lower dielectric board is chosen as 254 ,um and the thickness of the prepreg layer equals 112 ,um. mance of the array is modelled and investigated. The capabilities of beam-forming with the circular array is demonstrated by using separate feed networks that provide each antenna element with the correct phase for specific scan angles. The radiation patterns have been measured and it is shown that they are in agreement with simulation results.
